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Ultra-low noise magnetic field is essential for many branches of scientific research. Examples
include experiments conducted on ultra-cold atoms, quantum simulations, as well as precision
measurements. In ultra-cold atom experiments specifically, a bias magnetic field will be often
served as a quantization axis and be applied for Zeeman splitting. As atomic states are
usually sensitive to magnetic fields, a magnetic field characterized by ultra-low noise as well
as high stability is typically required for experimentation. For this study, a bias magnetic
field is successfully stabilized at 14.5G, with the root mean square (RMS) value of the noise
reduced to 18.5µG (1.28ppm) by placing µ-metal magnetic shields together with a dynamical
feedback circuit. Long-time instability is also regulated consistently below 7µG. The level of
noise exhibited in the bias magnetic field is further confirmed by evaluating the coherence
time of a Bose-Einstein condensate characterized by Rabi oscillation. It is concluded that
this approach can be applied to other physical systems as well.
PACS numbers: PACS
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I. Introduction
Ultra-cold quantum gases can be utilized for quan-
tum simulations that are both extremely clean and con-
trollable, as well as for precision measurements. Ex-
amples therein include optical lattice-based Bose/Fermi-
Hubbard models1–6, artificial gauge fields7–9, Feshbach
resonances10–12, and optical clocks13,14. However, the
environmental noise that occurs in ultra-cold atoms will
cause decoherence in systems, presenting a particular
drawback when utilizing such ideal experimental plat-
forms. Such decoherence will influence the accuracy of
observations in experimentation adversely, in addition to
reducing coherent time in the dynamic evolution of sys-
tems. In many ultra-cold atom experiments, a static bias
magnetic field will be used to provide for a quantization
axis, for Zeeman effect, or for a Feshbach resonance field
(typically between a few and a few hundred Gauss). The
noise exhibited in a given magnetic field will most of-
ten be the dominant factor in the environmental noises.
The capability to reduce magnetic field noise empowers
researchers to offer much cleaner experimental environ-
ments. This in turn enables researchers to conduct ex-
periments for exotic quantum phenomena and ultra-high
accuracy measurements at considerably higher levels of
sophistication.
The typical sources of magnetic field noise can be quite
diverse. The Earth’s magnetic field will exhibit a daily
fluctuation of several hundred micro-Gauss15,16. The 50
or 60Hz signals that are emitted from the world’s power
grids, as well as their harmonics, will produce a mag-
netic field noise that covers a range of values from sub
a)Electronic mail: shuai@ustc.edu.cn
milli-Gauss up to tens of milli-Gauss. Common lab in-
struments will also cause similar environmental noise.
The current running through coils will typically gener-
ate a static bias magnetic field that will generate mag-
netic noises as well. To compensate or shield against such
noise will most often demand great effort on the part of
researchers. In most cases, such efforts will be hampered
or limited by the design of a given experimental appara-
tus. Moreover, it is particularly challenging to suppress
magnetic field noise down to the level of tens of micro-
Gauss, a level that is required for most high precision
experiments17–23 characterized by magnetically sensitive
internal states.
In experiments, people have found various methods for
reducing noise from magnetic fields. Magnetic shielding
is typically adopted to reduce the noise of stray magnetic
fields in thermal atom experiments24,25. For ultra-cold
atom experiments, it is oftentimes difficult to shield an
entire system, due to the inherent complexities in op-
tical and electrical model designs therein. In order to
achieve a low noise magnetic field, dynamic feedback will
be utilized26,27, most often while synchronizing exper-
iment circles to 50 or 60Hz signals emanating from a
power line. Regardless, problems persist regarding long
time field drifts. In past research on spin squeezing sys-
tem28, the noise of a magnetic field was reduced to about
100µG using dynamic feedback. For one experiment con-
ducted on an 87Rb Bose-Einstein condensate (BEC) sys-
tem29, magnetic shielding was used to achieve magnetic
field stability that is greater than 50µG. In another BEC
system experiment30, the stray alternating current field
strength was reduced to about 40µG by using magnetic
shielding in conjunction with dynamic feedback. More
recently, it was reported that a very low noise magnetic
field was generated for an experiment on trapped ion sys-
tem. By combining feed-forward and dynamic feedback
techniques, a reduced environmental noise of 43µG, with
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2the bias magnetic field of 146G, has also been achieved31.
For this study, magnetic shielding as well as dynamic
feedback are utilized together in order to suppress mag-
netic field noise as well as increase stability in a bias mag-
netic field. This is achieved through the study model’s
compact construction for ultra-cold atom experiment. It
is found that the environmental noise from the mag-
netic field generated in the study’s experiment region is
reduced below 30µG using two layers of µ-metal mag-
netic shielding. The 14.5G bias magnetic field gener-
ated in the experiment is further stabilized using a dy-
namic sampling-feedback approach, reducing RMS value
of noise to 18.5µG. Long-time drift is also decreased be-
low 7µG within two hours. It is found that the coherence
time for an 87Rb BEC between |1,−1〉 and |1, 0〉 states
are extended to 11.6ms, a result that is consist with the
field noise generated in the experiment. These results
are found to be one or two orders of magnitude longer
when compared with past experiments in the field22,32–35.
Similar low noise magnetic fields have already applied in
recent experiments to precisely map out the band struc-
tures as well as observe the post-quench dynamic pro-
cesses in cold atoms36,37. This study’s results present
additional research opportunities to investigate the in-
teresting physics involved in long periods of quantum co-
herence.
II. Experimental setup
The experimental setup is illustrated in Fig.1. The oc-
tagonal glass chamber in the center is the science cham-
ber used in performing the study’s ultra-cold quantum
gas experiment. The cold atoms are trapped and then
cooled to condensation in the center of the chamber. Two
pairs of coils are installed just outside the glass chamber
to provide a magnetic field for the experiment. The inner
coils, in an anti-Helmholtz configuration, work to gener-
ate a gradient magnetic field for the model’s magneto-
optical trap as well as quadrupole magnetic trap. The
outer coils, in a Helmholtz configuration, provide a uni-
form bias magnetic field along z direction in order to
generate the Zeeman splitting. A third set of compen-
sation coils (used here to reduce noise and stabilize the
bias magnetic field) are located symmetrically, just be-
yond the aforementioned two pairs of coils. The entire
vacuum system, together with the optics surrounding it,
are enclosed by two layers of µ-metal magnetic shielding,
with the combined dimensions of 1.3m × 1.0m × 1.0m.
Two fluxgate magnetic field sensors (Stefan Mayer FL1-
1000) are placed symmetrically just outside the octago-
nal glass chamber in order to make signal observations
and monitor fluctuations in the magnetic field within the
study’s working area.
The model’s bias coils are driven by a homemade, low
noise current source that operates on 0 to 10A. The
bias coils can establish a bias magnetic field from 0 to
30Gauss precisely. The low noise current source, also
homemade, is regulated by a voltage reference with high
stability as well as a proportional-integral-differential
(PID) controller (Stanford Research Systems SIM960). A
transistor-transistor logic (TTL) signal is used to switch
the current in the coils on or off. The bias magnetic field
is stabilized by utilizing a dynamic sampling-feedback ap-
proach, and is measured using two fluxgate sensors. The
signals from these two sensors (S1 and S2) are averaged
as the signal S3. The value of the latter will indicate
the properties of the magnetic field at the center of the
glass chamber as a result of the study model’s symmet-
rical construction. The average signal S3 was compared
with the fixed ultra-low noise voltage Vref , as provided
by the high stability voltage reference (Stanford Research
Systems SIM960). An error signal is sent to the PID
controller to drive the model’s low noise power supply
(Agilent 6612C). This is done in order to adjust the cur-
rent in the compensation coils so as to stabilize the bias
magnetic field.
III. Results
The primary contributions to noise in the magnetic
field during research and experiment are found in the lab
environment itself. Examples include power lines as well
as any the other electrical instruments in the immediate
vicinity. Without magnetic shields, the magnetic field
along z direction in this study was 220mG, as measured
by the fluxgate sensors FG 1 and FG 2. An illustration
of the noise therein is presented in Fig.2(a) and Fig.2(b),
highlighted in blue. The data therein was taken over 10
seconds, as shown in Fig.2(a), with the time scale from
4.5s to 4.6s presented in Fig.2(b) for greater detail. The
peak-to-peak value for the signal highlighted in blue in
Fig.2(a) was found to be approximately 650µG, with an
RMS value of 200.3µG. A fast Fourier transform (FFT)
was applied in order to analyze the frequency components
of the observed noise, as shown in Fig.2(c). It was found
that the primary contributors were a 50Hz signal and
its corresponding odd harmonics, as generated from the
study lab’s power line. Long-term drift measured around
several milli-Gauss over 2 hours.
The first step in suppressing environment noise in the
magnetic field was to enclose the experiment setup within
two layers of µ-metal magnetic shielding. After shielding,
it was found that the residual magnetic field along z di-
rection decreased to about 0.5mG. The noise was also
greatly reduced as a result. This is highlighted in red
in Fig.2(a) and Fig.2(b). Subsequently, the peak-to-peak
value of the field noise was found to be approximately
100µG, with an RMS value reduced to 23.6µG. Another
FFT was applied to analyze the frequency components
of the noise, with results presented in Fig.2(c). It was
observed that the 50Hz component emanating from the
lab’s power line was suppressed from 184.6µG to 8.2µG,
and that the values for the 150Hz component decreased
from 37.2µG to 8.6µG. This represents a significant de-
crease in noise. The remaining 164Hz frequency compo-
nent, as well as its secondary harmonics, exhibited an
amplitude of 15.7µG and 6.0µG, respectively. However,
it must be noted that the exact source of this last com-
ponent remained unclear.
When the bias magnetic field (as generated by the
3Current Source
High stable reference
PID
Average
µ-metal magnetic shielding
FG 1
Compensation coil
Bias coil
Gradient coil
FG 2
TTL
Current Source
High stable reference
PID
TTL
S1
S2
S3
error signal
Vref
z
FIG. 1. A schematic of the study model’s µ-metal magnetic shields (dashed lines) as well as its feedback loop (solid lines).
The two dashed rectangles illustrate how the µ-metal magnetic shield is double layered. The color blue denotes the home-built
current source for the bias magnetic field, which drives the bias coils. The color red denotes the components of the dynamic
feedback loop used here to stabilize the bias magnetic field. The fluxgate magnetic field sensors (FG 1 and FG 2) were installed
symmetrically and outside the octagon glass chamber, in order to monitor the bias magnetic field. The model’s power supply,
which drives its compensation coils, runs in a constant-voltage mode. The TTL signals serve as switches in this model.
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FIG. 2. (a) The blue parts of the spectrum denote the environmental magnetic field noise that occurs outside of the µ-metal
magnetic shielding, while the red parts denote the noise that occurs within the shields, over time. Specifically, the RMS value
for the environmental magnetic field noise is 200.3µG outside of the shielding, while the value is 23.6µG for inside the shields.
(b) The data of the noise, as taken from (a), from 4.5s to 4.6s specifically. (c) The upper pane illustrates, in the frequency
domain, the environmental magnetic field noise outside the µ-metal magnetic shields, while the lower pane depicts noise that
occurs within the shields. The main component of the environmental magnetic field noise is at 50Hz and its odd harmonics.
model’s bias coils) was switched on, additional magnetic
field noise was generated from the current source. The
bias coils were driven by a homemade, low noise current
source. This current source used batteries for its power
supply, and was regulated by the model’s high stability
voltage reference as well as its PID controller. The rela-
tive noise of the current was found to be 3.0×10−6. This
was measured directly via the voltage signal that was ex-
hibited from sampling resistance, determined primarily
by, as well as limited by, the stability of the sampling
resistance and reference voltage. The bias magnetic field
was set at 14.5G for this study’s experiment. A graph
of the noise observed herein is presented in Fig.3(a) and
Fig.3(b), highlighted in blue. The peak-to-peak value for
the magnetic field noise was found to be approximately
200µG, with a corresponding RMS value of 44.3µG. The
noise spectrum obtained using an FFT analysis is shown
in Fig.3(c). The primary frequency components of the
bias magnetic field noise was found to be the 50Hz signal
and its harmonics.
In order to reduce noise and to stabilize the bias
magnetic field further, a dynamic sampling-feedback ap-
proach was subsequently utilized. The bias magnetic
field was measured using the two fluxgate magnetic field
sensors FG 1 and FG 2, which were placed symmetri-
cally outside the study model’s octagonal glass cham-
ber. Specifically, the fluxgate sensors’ bandwidth is 1
kHz. The signals of these two sensors (S1 and S2) are
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FIG. 3. (a) The blue parts of the spectrum denote the bias magnetic field noise that occurs inside the µ-metal magnetic
shields in the time domain before stabilization, while the red parts denote the noise after stabilization. The RMS value for
the bias magnetic field noise is 44.3µG before stabilization, and 18.5µG after stabilization. (b) The data of the noise, as taken
from (a), from 4.5s to 4.6s specifically. (c) The upper pane illustrates, in the frequency domain, the bias magnetic field noise
that occurs inside the µ-metal magnetic shields before stabilization, while the lower pane depicts the noise that occurs after
stabilization.
averaged to provide the signal S3. The value of the lat-
ter will indicate the properties of the magnetic field at
the center of the glass chamber as a result of the study
model’s symmetrical construction. The average signal
S3 was compared with the fixed ultra-low noise voltage
Vref , as provided by the high stability voltage reference,
located inside the PID controller. Then the PID con-
troller gives the error signal to drive a commercial low
noise power supply for adjusting the current in the com-
pensation coils. By fine tuning the parameters of the PID
controller, the bias magnetic field was stabilized further.
The bandwidth of the entire dynamic feedback loop is
about 500Hz, and is limited by the inductance in the
compensate coils as well as the bandwidth of the flux-
gate sensors. This was already sufficient for suppressing
noise. The residue noise exhibited in the bias magnetic
field is presented in Fig.3(a) and Fig.3(b), highlighted
in red. The peak-to-peak value for this in Fig.3(a) was
found to be approximately 80µG, with an RMS value
of 18.5µG. The results of another FFT analysis are pre-
sented in Fig.3(c). It can be seen that the components of
the 50Hz noise, as well as its corresponding harmonics,
have been reduced significantly.
Subsequently, an investigation was conducted into the
long-term drift exhibited in the study’s bias magnetic
field. With the bias current running inside the µ-metal
magnetic shields in free running mode, and with dynamic
feedback as well, the bias magnetic field was monitored
continuously over two hours. The observed fluctuations
and drifts are presented in Fig.4(a), highlighted in blue
and red, respectively. It can be seen that fluctuations are
1mG in free running mode. This fluctuation is reduced
by over an order of magnitude when dynamic feedback is
considered. An analysis of the exhibited Allan deviation
is presented in Fig.4(b). Here, the short-term to long-
term stability of the bias magnetic field can be better
understood. In free running mode, short-term stability
is of 36.3µG on a scale of 0.1s. The minimum value found
therein is about 20µG, on a scale of 1s. Stability main-
tains itself at a level of 100µG for a long time. When
considering dynamic feedback as well, short-term stabil-
ity is of 16.5µG on a scale of 0.1s. The minimum value of
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FIG. 4. The long-term stability observed in the bias magnetic
field. (a) The data of the bias magnetic field, as collected over
2 hours. The blue lines present the results in free running
mode, while the red lines present the results during dynamic
feedback. (b) The results for Allan deviation found in the
magnetic field noise. The blue dots present the results in free
running mode, while the red dots present the results during
dynamic feedback.
stability found therein reaches 2.1µG, which is the limit
resolution of the fluxgate sensor, on a scale of 20s. For
a period up to two hours, stability in the study system’s
bias magnetic field is generally below 7µG. Note that
this value is still smaller than the RMS value observed
for the system’s noise, which is negligible regardless in
the experiment.
5IV. The Rabi oscillation in a Bose-Einstein condensate in
magnetically sensitive states
Suppression in magnetic field noise was confirmed fur-
ther by measuring the Rabi oscillation in an 87Rb BEC.
To clarify, the Rabi oscillation is the oscillation in level
populations (or quantum mechanical probability ampli-
tudes) under the influence of an incident light field. For
this experiment, it specifically represents the oscillation
in the population of the sample’s internal state by mi-
crowave transition. The condensate is initially prepared
in an optical trap, with 3 × 105 atoms. Thereafter, the
atoms are pumped into the magnetic sub-level |1,−1〉.
With the bias magnetic field B = 14.5G, the 10.216MHz
on resonance Radio-Frequency (RF) pulse with different
duration time is applied to couple the state |1,−1〉 and
the state |1, 0〉 in F = 1 manifold. The |1, 1〉 state is ef-
fectively suppressed due to the relatively large quadratic
Zeeman shift. At the end of the RF pulse, all the lasers
are switched off in 1µs and the spin-resolved time-of-flight
(TOF) image is taken after 25ms to analyze the spin dis-
tribution in the momentum space.
The Rabi oscillation in the BECs driven by the RF
pulse is presented in Fig.5(a). Here we define the state
|1,−1〉 (yellow circle) as the spin-up state and the state
|1, 0〉 (orange circle) as the spin-down state. A count
is subsequently made for the atoms of each state. The
number of atoms in spin-up (spin-down) state is recorded
as N↑ (N↓). Here, spin-polarization is defined as P =
N↑−N↓
N↑+N↓
. The evolution of the spin-polarization P , over
time, is illustrated in Fig.5(b1). It can be seen that the
spin-polarization P oscillates between -1 and 1. Due to
the decoherence induced by the noise of the magnetic
field, the error bar ∆P becomes larger as time increases.
Then we use the function of P (t) = e−
t
τ0 cos( 2pitT0 ) to fit
the data, where τ0 is the decay time and T0 is the period
of time for the Rabi oscillation. The fitting curve is shown
in Fig.5(b1). The fitting period T0 of the Rabi oscillation
is 0.9225(3)ms.
People usually study the damping of Rabi oscillation
in order to obtain the coherence of two-level quantum
system38–40. However, the amplitude of Rabi oscillation
decreases very slowly in our experiment. The residue
noise of the magnetic field leads to the diffusion of the
phase during Rabi oscillation, cause the increasing er-
ror bar with the evolution time increases as shown in
Fig.5(b1). The noise can be extracted from the coher-
ence time of the system. In the ideal conditions (i.e.
those lacking any decay or dephase), a Rabi oscillation
can be expressed as P (t) = cos(ϕ(t)). Here P (t) repre-
sents the spin-polarization, while ϕ(t) equals to 2pitT un-
der the period of the Rabi oscillation T . In another way,
Rabi oscillation can be understood as a point, rotating
clockwise, along a unit circle. The spin-polarization P (t)
can be regarded as the point projected on the y-axis.
The phase of the Rabi oscillation ϕ(t) can be found by
the angle between the y-axis and the connection to the
center of the circle. When considering about the noise
in the magnetic field, the phase of the Rabi oscillation
will exhibit perturbation. Finally, the perturbation will
reflect on the error of the spin-polarization P . With a
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FIG. 5. The Rabi oscillation observed in the BEC. (a) Raw os-
cillation observations taken from various periods in time. The
yellow circle denotes the spin-up state |1,−1〉, while the or-
ange circle denotes the spin-down state |1, 0〉. (b1) The evolu-
tion of spin-polarization P , over time, and with the magnetic
field stabilized. Note that the fitting period for the Rabi oscil-
lation is 0.9225(3)ms. (b2) The evolution of spin-polarization
P , over time, but without µ-metal magnetic shielding or dy-
namic feedback. Note that the fitting period for the Rabi
oscillation is 0.599(8)ms. (c) The evolution of phase error ∆ϕ
observed in the Rabi oscillation. The blue circles indicate re-
sults taken from when the magnetic field was stabilized. The
gray circles indicate results taken when there was no µ-metal
magnetic shielding or dynamic feedback. With the magnetic
field stabilized, the fitting coherent time is 11.6(2)ms. With-
out µ-metal magnetic shielding or dynamic feedback, the fit-
ting coherent time is 0.73(2)ms.
simple geometric relationship, we can easily get the for-
mulas below,
if ϕ = npi, 1− cos(∆ϕ2 ) = ∆P,
if ϕ 6= npi, | cos(ϕ− ∆ϕ2 )− cos(ϕ+ ∆ϕ2 ) |= 2∆P,
where ∆P is the error bar for the spin-polarization P .
The phase error ∆ϕ, taken at various points in time, is
presented in Fig.5(c). These data have been linearly fit-
ted. The fitting line represents the trend of evolution
in the phase error ∆ϕ. When ∆ϕ > 1, the Rabi os-
cillation can be treated as being out of phase. Thus,
we can get the coherent time of Tcoh = 11.6(2)ms by
the intersection of the fitting line and the line ∆ϕ = 1.
The noise in the bias magnetic field is calibrated to be
δB = 12piTcoh×0.7MHz/G = 19.6(3)µG. The result agrees
well with the measurement in electronic devices.
For comparison, the Rabi oscillation of an 87Rb BEC
is also measured, but without µ-metal magnetic shielding
6or dynamic feedback. The results are shown in Fig.5(b2)
and Fig.5(c). With the same analysis method, we can
get the coherent time T
′
coh = 0.73(2)ms of the system in
the condition that without µ-metal magnetic shielding
or dynamic feedback. It also proves the validity of our
method for stabilizing the magnetic field.
V. Conclusion
In conclusion, we have applied the techniques of mag-
netic shielding and dynamic feedback to achieve an ultra-
low noise and stable bias magnetic field for ultra-cold
quantum gases experiments. The RMS value of the noise
has been reduced to 18.5µG (1.28ppm) in a bias magnetic
field of 14.5G. Here the µ-metal magnetic shielding is es-
sentially important to suppress the environmental mag-
netic field noise, especially the components of the noise
at 50Hz and its harmonics. The dynamical feedback loop
not only effectively reduces the noise, but also decreases
the long-term instability below 7µG, in the order of 10−7
according to the bias magnetic field. We have performed
the Rabi oscillation of an 87Rb BEC in magnetically sen-
sitive states to calibrate the noise. The coherence time
of the system is achieved to be 11.6(2)ms and the corre-
sponding magnetic field noise is of 19.6(3)µG, which is
consist with the RMS noise we measured. The magnetic
shielding plus dynamic feedback is a general approach. It
can be conveniently extended to other physical systems.
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